Background
==========

Bone is constructed through 3 processes: osteogenesis, modeling, and remodeling. All these processes are mediated by osteoblasts, which work in tight cooperation with bone-resorbing osteoclasts, together constituting a "bone multicellular unit" \[[@b1-medscimonitbasicres-22-95]\]. The osteoblasts synthetize the bone extracellular matrix (osteogenesis), and the osteoclasts carve out the shape to fit the physical environment (modeling) and adjust it to the demands of the body growth and the changing milieu (remodeling). Fine tuning of this system is crucial for the development of bones, for repairing fractures, and for the correct maintenance of the skeleton throughout life. Sometimes the balance shifts towards resorption of the matrix, as in osteoporosis, thereby predisposing postmenopausal women and older men to fractures and reducing their life expectancy. As many as 22 million women and 5 million men had osteoporosis in the European Union in 2010 \[[@b2-medscimonitbasicres-22-95]\]. A therapeutic boost to the osteoblast activity could potentially prolong millions of human lives. Attempts have been made to transplant autologous stem cells to bone defects \[[@b3-medscimonitbasicres-22-95]\], but a deeper understanding is required to turn this into widespread clinical use. Another major clinical problem involving osteoblasts is ectopic osteogenesis, which is a major issue in atherosclerosis and heart valve disease \[[@b4-medscimonitbasicres-22-95]\]. Clinicians need both the stimulators and the inhibitors of osteoblast differentiation to address the wide spectrum of diseases.

A key aspect of osteogenesis is the interaction of osteoblasts and their precursors with the matrix: tissue engineering, especially with the help of 3D printing, is about to offer scaffolds that are analogous to the natural bone. It is essential to understand how to make the osteoblasts feel at home in a new environment. The current review offers a brief look at the current state of this research.

Definition and Function of Osteoblasts
======================================

The term "osteoblast" was coined in the early 20^th^ century \[[@b5-medscimonitbasicres-22-95]\] as the cells that literally lay bone. Morphologically, osteoblasts are cuboidal cells found on the interface of newly synthesized bone, and strongly basophilic in their cytoplasm. Osteoblasts are present throughout life, but their activity is highest during embryonic skeletal formation and growth. In an adult organism, osteoblasts are activated when there is need to regenerate a defect or when the bone matrix has been depleted \[[@b6-medscimonitbasicres-22-95]\]. Osteoblasts secrete bone matrix proteins, including collagen type 1 alpha 1 (Col1α1), osteocalcin (OC), and alkaline phosphatase (Alp) \[[@b6-medscimonitbasicres-22-95]\]. Osteoblasts are not fast responders: from the moment the osteoblast is mature, it takes about 4 months until the synthesis of bone matrix by the cell is detected \[[@b7-medscimonitbasicres-22-95]\].

Osteoblasts are post-mitotic cells, but they are not terminally differentiated. The osteoblasts that have encircled themselves with the bone matrix eventually differentiate into osteocytes, which are interconnected stellar cells that regulate the turnover of bone material. Osteoblasts that remain on the surface of bone facing the periosteum have an option of becoming inert bone-lining cells or undergo apoptosis. When the mature osteoblast population grows thin (either as a result if a natural turnover or a regenerative process demanding massive recruitment), new osteoblasts are differentiated from mesenchymal progenitor cells; however, their resource is limited \[[@b8-medscimonitbasicres-22-95]\]. This is a key fact about osteoblasts, and a challenge for researchers. Autologous mesenchymal stem cells may in the future provide an infinite source of new osteoblasts, but osteogenic therapies should be applied with extreme caution in order not to deplete the pool of preosteoblasts.

Embryonic Origin of Osteoblasts
===============================

Osteoblasts stem from 2 distinct embryonic populations. One originates from the neural ectoderm \[[@b9-medscimonitbasicres-22-95]\], and the osteoblasts are formed directly from condensed mesenchymal progenitors without intermediate stages. These osteoblasts are mostly building squamous bones of the calvaria (scull and face) and the part of the clavicle, and the process is termed intramembranous ossification \[[@b9-medscimonitbasicres-22-95]\] ([Figure 1](#f1-medscimonitbasicres-22-95){ref-type="fig"}, left). The remaining part of the skeleton is built by endochondral ossification, where osteoblasts stem from an intermediate class of perichondral cells \[[@b9-medscimonitbasicres-22-95]\] or directly from hypertrophic chondrocytes \[[@b10-medscimonitbasicres-22-95]\] ([Figure 1](#f1-medscimonitbasicres-22-95){ref-type="fig"}, middle**)**. The embryonic origin of the axial skeleton osteoblasts is paraxial mesoderm, while the appendicular skeleton cells stem from lateral plate mesoderm. Ossification occurs within the cartilage model, governed by paracrine influence from hypertrophic chondrocytes \[[@b8-medscimonitbasicres-22-95]\], which also have an ability to differentiate into osteoblasts \[[@b10-medscimonitbasicres-22-95]\]. In both types of osteogenesis, the cell type preceding osteoblasts is a preosteoblast.

Stages of Osteoblast Differentiation
====================================

The common ancestor for osteoblasts in both the endochondral and the intramembranous ossification are mesenchymal stromal cells (MSCs), also referred to as mesenchymal stem cells due to their multipotency. These cells can give rise either to myoblast, osteoblast, chondrocyte, or adipocyte lineages \[[@b7-medscimonitbasicres-22-95]\] ([Figure 1](#f1-medscimonitbasicres-22-95){ref-type="fig"}, top). The primary commitment, and most of the follow-up differentiation, is governed by so-called "master transcriptional regulators" \[[@b6-medscimonitbasicres-22-95]\]. For the myoblast lineage, it is MyoD, for the chondroblast lineage it is Sox9, for the adipocyte lineage it is PPARγ, and for the osteoblast lineage it is Runx2 (Cbfa1). Activation of Runx2 in the endochondral pathway is preceded by Sox9, limiting the potential of the stem cells to differentiate into osteoblasts and chondroblasts. Once Runx2 is activated, the cells are defined as preosteoblasts, and they undergo a 3-stage differentiation, with each stage characterized by expression of certain molecular markers \[[@b11-medscimonitbasicres-22-95]\] ([Figure 1](#f1-medscimonitbasicres-22-95){ref-type="fig"}, right):

1.  In Stage 1 the cells continue to proliferate and express fibronectin, collagen, TGFβ receptor 1, and osteopontin.

2.  In Stage 2 they exit the cell cycle and start differentiating, while maturating the extracellular matrix with Alp and collagen.

3.  In Stage 3 matrix mineralization occurs when the organic scaffold is enriched with osteocalcin, which promotes deposition of mineral substance. Osteocalcin is in fact the second most abundant protein in bone after collagen \[[@b12-medscimonitbasicres-22-95]\]. At this stage the osteoblast assumes its characteristic cuboidal shape \[[@b8-medscimonitbasicres-22-95]\].

Regulation of Osteoblast Differentiation (OD)
=============================================

Model issues
------------

The available data on osteoblast differentiation are fragmented and incomplete. A major source for discrepancies is the lack of a reliable model system and the use of cell lines instead of primary cells. Most key findings were obtained using transgenic mice and morphological analysis. Some experiments have been performed on larger animals, like dogs \[[@b13-medscimonitbasicres-22-95]\]. Most mechanistic studies involve cell lines, which comes with huge limitations. The most popular cell line is MC3T3-E1 \[[@b14-medscimonitbasicres-22-95],[@b15-medscimonitbasicres-22-95]\], which can be defined as a preosteoblast, but is often used to represent osteoblasts and even osteocytes. Other common lines are 2T3 mouse preosteoblasts \[[@b16-medscimonitbasicres-22-95]\] and rat osteosarcoma cells ROS 17/2.8 \[[@b17-medscimonitbasicres-22-95],[@b18-medscimonitbasicres-22-95]\] or UMR106.01 \[[@b19-medscimonitbasicres-22-95]\]. Primary cells are also used, but they are substantially harder to obtain. Bone marrow stromal cells \[[@b20-medscimonitbasicres-22-95]\] and primary calvarian osteoblasts COB \[[@b19-medscimonitbasicres-22-95]\] are isolated from rats and mice \[[@b21-medscimonitbasicres-22-95]\]. Human material is also used, ranging from fetal osteoblasts HFOB \[[@b22-medscimonitbasicres-22-95]\] to mature osteoblasts, both available commercially \[[@b23-medscimonitbasicres-22-95]\], and primary cells isolated from bone explants \[[@b24-medscimonitbasicres-22-95]\]. Such a diversity in models makes it hard to draw a roadmap of osteoblast differentiation. The current review is no exception from the common rule, and the described pathways should be interpreted with caution. [Table 1](#t1-medscimonitbasicres-22-95){ref-type="table"} shows the models used in the key papers reviewed here.

For ease of reader comprehension, the description of regulatory pathways is divided into the factors committing the precursors to osteoblastic lineage, those that directly mediate differentiation of precursors, and, finally, the paracrine and endocrine factors that fine-tune the process.

Factors mediating commitment to osteoblastic lineage
----------------------------------------------------

***Sox9*** is a master regulator of chondrogenic lineage, but it is also crucial in endochondral bone development. Sox9 mediates the condensation of mesenchymal cells into chondrogenic progenitors (and perichondrial cells that will stimulate osteoblast differentiation), but it is also a necessary step in commitment of the osteoblast precursors. Sox9 knockout mice lack expression of Runx2 in the axial skeleton, and mice are born with heads but without limbs \[[@b25-medscimonitbasicres-22-95]\]. However, if Sox9 is selectively ablated after mesenchymal condensation, Runx2 expression and osteoblastogenesis take place \[[@b25-medscimonitbasicres-22-95]\]. Downstream targets of Sox9 are Sox5 and Sox6. Sox9 is also functionally connected with histone modifiers Arid5a and Znf219 \[[@b9-medscimonitbasicres-22-95]\]. Arid5a acetylates histone H3 at chondrogenesis-important genes, and it is crucial for further differentiation of chondrocytes \[[@b26-medscimonitbasicres-22-95]\].

***Msx2***, unlike Sox9, is important in intramembranous osteogenesis. Msx2 knockout mice display remarkable absence of mineralization in the calvarial bones as well as impaired ossification in the axial skeleton \[[@b27-medscimonitbasicres-22-95]\]. These mice also had neurological deficits and were prone to seizures. Mapping of Msx2 function revealed it was the decision-making factor favoring osteoblastic differentiation over adipogenic. A study in aortic myofibroblasts from mice revealed that Msx2 interacted with C/EBP alpha to inhibit PPARγ transcription factor, which is an adipogenic determinant, just as Runx2 is an osteoblastic determinant \[[@b28-medscimonitbasicres-22-95]\].

***Hedgehog signaling.*** Hedgehogs were the long-sought "roadmap" factors that establish the three-dimensional architecture in the embryo at large. The hedgehog family has 3 members: Sonic (shh), Indian (ihh), and Desert (dhh) hedgehogs. Ihh is a signal molecule released by perichondrial cells and stimulating osteoblast differentiation in preosteoblasts \[[@b29-medscimonitbasicres-22-95]\]. Intracellularly, it is conferred by Ptch and Smo receptors and transduced to the Gli transcription factors that stimulate expression of Runx2 \[[@b8-medscimonitbasicres-22-95]\].

Factors mediating osteoblastic differentiation
----------------------------------------------

***Runx2.*** The osteoblast master regulator Runx2 is predominantly a fetal factor, while in the adult organism its levels are low. Outside the skeleton its expression manifests onset of ectopic calcification \[[@b12-medscimonitbasicres-22-95]\]. Runx2 target genes include osteopontin, bone sialoprotein, osteocalcin, osteoprotegerin, Rankl, and many others \[[@b30-medscimonitbasicres-22-95]\]. The key role of Runx2 in osteoblast differentiation was convincingly demonstrated in 1997 by Komori et al. \[[@b12-medscimonitbasicres-22-95]\]. Heterozygous Runx2 knockout mice had impaired calvarian osteogenesis while homozygous knockouts had no mineralization, the entire skeleton remaining a cartilaginous model. The homozygously knockout animals died at birth since their ribcage could not produce air traction. Apparently, osteoblast differentiation was arrested at the early stage; because osteocalcin was completely absent, osteopontin and alkaline phosphatase were barely detectable. Further research showed that Runx2 role is important at 2 time points: during exit of preosteoblasts from the cell cycle (end of growth -- start of matrix maturation) and during late maturation stages of osteoblasts \[[@b11-medscimonitbasicres-22-95]\]. Therefore, the factors that regulate Runx2 will also regulate osteoblast differentiation (see [Figure 2](#f2-medscimonitbasicres-22-95){ref-type="fig"}) \[[@b8-medscimonitbasicres-22-95]\].

***Wnt/Notch system*** of Runx2 regulation is perhaps the most studied. Activation of the Wnt/β-catenin pathway and imbalance between the Wnt and Notch pathways leads to ectopic mineralization, such as in aortic valve stenosis and advanced atherosclerosis \[[@b4-medscimonitbasicres-22-95]\]. Wnt is a secreted paracrine glycoprotein that signals through several possible pathways, one of them termed "canonical" and being important for osteoblast differentiation \[[@b7-medscimonitbasicres-22-95]\]. The Wnt receptor complex on the cell surface contains lipoprotein receptor (Lpr), frizzled, and GSK3β. It binds to the Wnt ligand and transmits the signal into the cytoplasm. Once inside the cell, the signal is transduced to β-catenin. Normally, β-catenin forms a complex with Axin and Apc, which targets it for degradation. Wnt signal "rescues" β-catenin, and it translocates to the nucleus to bind to its cofactors Tcf and Lef1. Without stimulation, they are also inhibited by binding to Tle and HDAC, both repressors of transcription \[[@b31-medscimonitbasicres-22-95]\]. Arrival of β-catenin results in their activation and subsequent expression of Runx2, as well as other pro-osteogenic genes \[[@b32-medscimonitbasicres-22-95]\]. There are a number of Wnt ligands in osteogenic progenitors. Ectopically expressed Wnt14 ligand promotes osteoblast differentiation. Inactivation of beta-catenin during both intramembranous and endochondral ossification leads to ectopic cartilagenesis at the expense of bone formation \[[@b33-medscimonitbasicres-22-95]\].

Wnt signaling cascade is under the constant balancing influence of Notch. Gain- and loss-of-function transgenic studies revealed a complex role of Notch in osteoblast differentiation. Notch gain-of-function mice paradoxically displayed osteosclerosis, with more mineralization than normal. The early osteoblast markers, Osx, Alp, and Bsp, were increased, but the late ones (osteocalcin and Col1a1) were decreased. Conversely, loss-of-function mutation of Notch led to osteoporosis, but this effect was attributed to inhibition of osteoprotegerin synthesis, which normally inhibits Rank/Rankl signaling in osteoclasts. Osteoprotegerin inhibition promotes osteoclast-mediated resorption of bone \[[@b34-medscimonitbasicres-22-95]\]. It was further established that Notch maintains osteoblastic progenitors in an undifferentiated stage. Notch knockouts had the same number of osteoblasts as wild types, but much more of them assumed cuboid (i.e., differentiated) shape. In the long run, the mice were depleted of osteogenic potential, causing osteopenia. At the age of 26 weeks, Notch knockout mice had approximately 10% of the normal mass of mineralized bone \[[@b35-medscimonitbasicres-22-95]\]. Notch is an intracellular signaling protein that binds to its ligand Jagged, and promotes degradation of β-catenin, thereby opposing Wnt. Alternatively, it may first enhance expression of Hes1, Hey1, and HeyL, which inhibit Runx2 \[[@b7-medscimonitbasicres-22-95],[@b35-medscimonitbasicres-22-95]\].

Beside Notch, Wnt pathway is opposed by PPARγ master regulator of adipogenesis, via methylation of histones by SETDB1, which is one of the targets of Wnt5 \[[@b32-medscimonitbasicres-22-95]\[. Wnt is also subject to inhibition by sclerostin and Dickopf (Dkk) 1 and 2 \[[@b36-medscimonitbasicres-22-95],[@b37-medscimonitbasicres-22-95]\].

***Osterix (Osx or SP7)*** is a zinc-finger transcription factor downstream of Wnt, plus it can serve as a negative feedback loop, inhibiting Wnt \[[@b6-medscimonitbasicres-22-95]\]. Studies of Osx knockout mice showed that it mediates both the commitment of MSCs to osteoblastic lineage, and the further differentiation with expression of osteocalcin and Col1α1. Osx knockout mice had normal levels of Runx2, very little Col1α1, and no expression of bone sialoprotein, osteonectin, or osteopontin. The mice were born with short non-mineralized limbs. Mesenchymal stem cells from these mice could be transformed *in vitro* into both osteoblast and chondroblast phenotypes \[[@b38-medscimonitbasicres-22-95]\].

**Atf4** is also downstream of Runx2, making a complex with it at the promotor of osteocalcin, and both factors are necessary to enable osteocalcin expression. Atf4 is crucial in late stages of osteoblast differentiation. Atf4 knockout mice have reduced osteocalcin and Bsp expression, while overexpression of Atf4 gives a dose-dependent increase of osteocalcin \[[@b39-medscimonitbasicres-22-95]\]. In addition, Atf4 facilitates import of amino acids into osteoblasts and stimulates Ihh expression in chondrocytes. Atf4 is subject to inhibition by the factor inhibiting atf4-induced transcription FIAT \[[@b8-medscimonitbasicres-22-95]\].

Paracrine and endocrine factors influencing osteoblastic differentiation
------------------------------------------------------------------------

**Bone morphogenetic proteins (BMPs)** are cytokines especially important for postnatal ossification \[[@b8-medscimonitbasicres-22-95]\]. BMPs are members of the TGFβ superfamily, and their signaling is typical of it: the ligand binds to a receptor on cell surface, which activates receptor SMADs. They trigger the effector SMADs that translocate to the nucleus and bind to cofactors regulating transcription of target genes. Osteogenic BMPs are BMP2 and 4 \[[@b40-medscimonitbasicres-22-95]\]. Their effect is dual: they are upstream of Runx2 transcription; and they can team up with Runx2 to regulate transcription of its target genes. The BMP-Runx2 axis is under negative control of several inhibitors: Smurf1 (ubiquitin ligase), which degrades both BMP2 receptor and Runx2, Hey1, which mediates Notch signaling, and TGFβ, which inhibits Runx2 via SMAD3. BMP2 is indispensable for the expression of Osterix and may have a connection with Sox9 \[[@b9-medscimonitbasicres-22-95]\]. Treatment of myoprogenitor cells with BMP2 leads to increased Alp activity and expression of Msx2 \[[@b28-medscimonitbasicres-22-95]\]. Mechanical stress also stimulates Alp synthesis via increased expression of BMP2 and -4 and inhibition of Smurf \[[@b41-medscimonitbasicres-22-95]\].

Besides BMPs, some other growth factors influence osteoblast differentiation: mainly TGFβ, IGF, which activates Osterix \[[@b1-medscimonitbasicres-22-95],[@b20-medscimonitbasicres-22-95]\], and ***FGF***. The latter, although being primarily fibroblast-stimulatory, also promotes osteoblast differentiation. Its signaling is believed to be via MAP kinases PKC and PI3K, but the exact mechanisms are not known \[[@b8-medscimonitbasicres-22-95]\].

***Other cytokines*** have an effect on osteoblast differentiation as well. The best described is by interleukin IL-11. It is activated by FosB/JunD factors dimerizing and binding to its promoter. FosB is in turn stimulated by mechanical stress \[[@b36-medscimonitbasicres-22-95]\]. Expression of IL-11 can be stimulated by BMP2 via SMADs. They bind to SMAD-binding elements on the IL-11 gene promoter in cooperation with FosB. The function of IL-11 is believed to be inhibition of Dickopf Dkk 1 and 2, which are inhibitors of Wnt signaling, and its decrease in aging may be one of the factors contributing to osteoporosis \[[@b36-medscimonitbasicres-22-95]\].

***Parathyroid hormone (PTH)*** is one of the upstream regulators of Runx2 \[[@b6-medscimonitbasicres-22-95]\]. The PTH effect is time-dependent. If the level of this hormone is elevated continuously, bone resorption occurs. If the elevation is intermittent, osteoblast differentiation is stimulated. This is probably because intermittent exposure leads to release of TGFβ from resorbing bone, which in the absence of stimulation causes recruitment of new osteogenic progenitors \[[@b8-medscimonitbasicres-22-95]\]. PTH works via MAP kinase Erk1/2 and activation of CREB/fos with JunD that leads to expression of IL-11 and suppresses Dickopf (Dkk). Another possible mechanism is via PKC delta that phosphorylates SMAD1 and also dimerizes with JunD \[[@b36-medscimonitbasicres-22-95]\].

***Vitamin D*** is essential in regulating Runx2 target genes. Vitamin D receptor makes a complex with Runx2 and several other cofactors on the target gene promoter (e.g., osteocalcin) \[[@b11-medscimonitbasicres-22-95],[@b42-medscimonitbasicres-22-95]\], and stimulates expression of osteo-specific genes.

***HDACs.*** Runx2 is subject to epigenetic control mechanisms, in particular, by HDAC3-7. Its coactivators are histone transferases p300, CBP, PCAF, MOZ, and MORF. In mice, Runx2 is expressed from embryonic day E10, but its action is not detectable until E13 or even E15. Bialek et al. \[[@b43-medscimonitbasicres-22-95]\] showed that for several days Runx2 function is suppressed by Twist by binding to its DNA-binding domain and recruitment of HDACs. A combination of heterozygous ablation of Runx2 (cranial bone deficit) and Twist (skull osteopetrosis) results in a normally developed calvarian bone phenotype \[[@b43-medscimonitbasicres-22-95]\]. HDACs also interfere with transcriptional regulation of Runx2 target genes. Osteocalcin promoter has 2 binding sites -- proximal and distal -- and Runx2 binds to both of them. To initiate osteocalcin transcription, Runx2 cooperates with cofactors, including p300 and vitamin D receptor, and this process is controlled by histone modifications \[[@b11-medscimonitbasicres-22-95]\]. For example, osteocalcin transcription and, thus, osteoblast differentiation is blocked by nuclear factor of activated T cells type c (NFATc) (via recruitment of HDAC3) and by TGF-β (via HDAC 4 and 5) \[[@b31-medscimonitbasicres-22-95]\].

Mechanical Stimulation and Osteoblast Differentiation
=====================================================

The mechanical influence on osteoblasts is crucial both for the regeneration of broken bones and for the human exploration of space. This is why this topic will gain increased importance in decades to come. The effect of mechanical loading on bone growth is described by Wolff's law: the structure of bone is formed corresponding to the direction of applied mechanical force. Indeed, pressure applied to a dog bone *in vivo* results in thickening of the cancellous bone matrix due to accumulation of collagen and mineral deposition \[[@b13-medscimonitbasicres-22-95]\]. Bending of the bone *in vivo*, such as exemplified by a bending device on the rat tibia, increases the spreading of osteoblasts over the periosteal surface and the Alp signal \[[@b44-medscimonitbasicres-22-95]\]. Further effects include activation of cell cycle signaling and proliferation \[[@b45-medscimonitbasicres-22-95]\]. Conversely, unloading the bone causes osteoporosis in wild types but not in heterozygous Runx2 knockout mice \[[@b30-medscimonitbasicres-22-95]\]. Different modalities of mechanical stress demonstrate different aspects of bone homeostasis: gravity, vibration, compression, and fluid shear stress are all physiological, but their effects and mechanisms are not similar (see [Figure 3](#f3-medscimonitbasicres-22-95){ref-type="fig"}).

Mechanical compression and stretch
----------------------------------

Cells grown on a 2D surface may be exposed to mechanical stimulation by bending or stretching the matrix underneath. MC3T3 preosteoblasts that were compressed and stretched at high frequency for 3 min per day for a week had a long-term increase in mRNA of osteocalcin and matrix metalloproteinase 9, parallel to reduced cell growth \[[@b14-medscimonitbasicres-22-95]\]. Compression may even reprogram progenitors of other cell lines. Compression of cultured myoblasts reduced expression of myogenic and adipogenic master regulators, and increased osteogenic regulators. Runx2 activation in this setting was blocked by an inhibitor of MAP kinase p38 \[[@b46-medscimonitbasicres-22-95]\]. Continuous stretching of cultured myoblasts as a model of distraction osteogenesis activated osteocalcin, Alp, Osx, Runx2, Dlx5, and Col1α1, probably via BMP signaling, and resulted in osteoblast differentiation \[[@b47-medscimonitbasicres-22-95]\].

A convenient and standardized model is provided by the FlexCell^®^ system, in which cells grown on flexible membranes can be stretched with programmable deformation and frequency. Human primary mesenchymal stem cells respond to FlexCell^®^ by Runx2 and osteocalcin expression, and 3% stretch has a much more pronounced effect than 10% \[[@b48-medscimonitbasicres-22-95]\]. The 3% stretch also induced calcium deposition, which was blocked by MAP kinase Erk1/2 inhibitors \[[@b49-medscimonitbasicres-22-95]\]. When even milder stretching regimens were tested (0.8, 1.6, 2.4, and 3.2%), commercial human osteoblasts increased phosphorylation of MAP kinase Erk1/, Col1α1, and osteocalcin in all groups, while Runx2 induction occurred only after 3.2% stretching. This indicates that Runx2 is induced by a very finely tuned stretch signal \[[@b50-medscimonitbasicres-22-95]\]. Of note, in a 3D culture of human fetal osteoblasts, short (30 min) daily episodes of mechanical stretching (1%) activated Runx2, osteocalcin, Opn, Alp, and Histone H4, at the same time increasing cell proliferation \[[@b22-medscimonitbasicres-22-95]\].

An exotic way to apply stretch is to draw magnetic micro-particles into cultured human osteoblasts and move them by applying an external magnetic field. A prolonged (3 weeks) treatment led to an increase in osteocalcin and Runx2. The cells formed calcified nodules in culture, which was blocked by an inhibitor of p38 and delayed by the inhibitor of Erk1/2 \[[@b23-medscimonitbasicres-22-95]\].

Shear stress
------------

Shear stress is probably the most relevant stress modality in normal bone. Mechanical load is transduced inside the bone matrix via the fine network of canaliculi, where it induces fluid flow parallel to the vector of applied force. This liquid shears the cells and also increases hydrostatic pressure in a closed system \[[@b51-medscimonitbasicres-22-95]\]. Human fetal osteoblasts responded to pulsatile shear stress, but not to steady or oscillatory stress, concurrent with the stresses experienced by bones *in vivo*. This response constitutes the mechanically induced calcium current in the cells, believed to mediate the mechanosensitive signaling \[[@b52-medscimonitbasicres-22-95]\]. Shear stress applied to a culture of primary human mesenchymal stem cells induced cuboid morphology, as well as release of Alp, BMP2, Bsp, and osteopontin. Similar effects were attained with the use of the osteogenic medium (dexamethasone, b-glycerophosphate, and ascorbic acid), but the effects of both were not synergistic \[[@b53-medscimonitbasicres-22-95]\]. A recent study using rat mesenchymal stem cells traced the entire chain of events: rapid rise of intracellular calcium and prostaglandin E (PGE) release activated MAP kinases Erk1/2 and p38, which in turn induced c-fos, vascular endothelial growth factor, and cyclooxygenase 2 (COX2) \[[@b20-medscimonitbasicres-22-95]\]. Intermittent shear stress was more dependent on PGE, and continuous shear stress was more dependent on MAP kinases. However, both intermittent and continuous shear stress induced endpoint genes: Col1α1, Bsp, osteocalcin, and osteopontin \[[@b20-medscimonitbasicres-22-95]\].

Shear stress evokes mechanisms distinctly different than stretch. While shear stress induced nitric oxide and PGE signaling, these mechanisms were virtually insensitive to stretch \[[@b54-medscimonitbasicres-22-95]\]. Besides its effect on osteoblast proliferation, shear stress also reduces osteoblast apoptosis (modeled by addition of TNF alpha) through activation of survival kinase Akt, as shown in an Akt inhibitor study \[[@b19-medscimonitbasicres-22-95]\].

Gravity
-------

***Microgravity,*** as experienced by humans in space, imposes a great risk on the astronauts by disrupting the natural gravity-regulated homeostatic mechanisms. Astronauts lose 1--2% of their bone mass each month of spaceflight. Rats on board the spacecraft have shown arrest of cortical periosteal growth \[[@b55-medscimonitbasicres-22-95]\]. Response to microgravity also varies between calvarian bones and the bones of extremities and the axial skeleton. The bones of the scull react with a release of PGE, while the other bones have an increase in cyclic AMP, GSK3, and nitric oxide. In microgravity, the osteoblasts become insensitive to osteogenic stimulation by Vitamin D3 and TGFβ \[[@b55-medscimonitbasicres-22-95]\]. A systematic array study of mouse osteoblast precursors in microgravity showed a decrease in Runx2, BMP4, and PTH receptor, as well as Alp \[[@b16-medscimonitbasicres-22-95]\]. Mouse primary calvarian osteoblasts subjected to microgravity showed a similar response: Runx2, osteoglycin, and Sfrp (secreted frizzled-related protein) were downregulated, and a number of factors were induced, such as IL-6, NADPH dehydrogenase, and quinone 1 \[[@b21-medscimonitbasicres-22-95]\].

***Macrogravity,*** as experienced in spacecraft launch, may in itself constitute a stimulatory signal for osteogenesis and provide temporary protection for the astronauts. A simulated launch of mouse osteoblasts in culture (acceleration up to 3g) led to a transient activation of c-Fos, but also a subsequent decrease of osteocalcin, signifying delayed matrix mineralization \[[@b56-medscimonitbasicres-22-95]\]. In contrast, prolonged and vigorous hyper-gravity in primary human osteoblast-like cells (13g for 24 hours, lethal) increased signaling by MAP kinases, cAMP, and IP3, and led to enhanced synthesis of collagen, which was abolished by blocking Erk1/2 phosphorylation \[[@b24-medscimonitbasicres-22-95]\].

Ultrasound
----------

Ultrasound is a relevant stressor because if can affect mineralization and it can be applied non-invasively. Ultrasound stimulation of rat calvarial osteoblasts increases cytokine signaling via TNFα, IL-6 and TGFβ, and increases the number of cells \[[@b57-medscimonitbasicres-22-95]\]. Ultrasound also increases expression of Runx2, Msx2, Dlx2, Osx, BMP2, and Bsp and leads to calcification in cultured osteosarcoma cells possessing osteoblast properties \[[@b17-medscimonitbasicres-22-95]\].

Mechanosensitive signaling
--------------------------

The role of mechanosensors is attributed to integrins and stretch-activated calcium channels. The signal is then transmitted to MAPKs, COX2, NO, TNFα, and β-Catenin. Calvarian osteoblasts also respond by PGE2 and IGF-1 release, which in turn promote expression of Runx2 and TGFβ \[[@b1-medscimonitbasicres-22-95]\]. Two integrins seem to be pivotal in sensing stress by bending the bone: integrin β1 and β5, in which integrin β1 is responsible for eliciting Erk1/2 phosphorylation response leading to proliferation \[[@b45-medscimonitbasicres-22-95]\]. Mechanically induced Erk1/2 has several targets. It can act as a coactivator of Runx2, binding its *runt* domain. It is also necessary for acetylation and phosphorylation of histones upstream of the Runx2 binding sites, exposing them for Runx2-mediated activation of transcription. As stated above, it activates transcription of early response genes like c-fos and COX. Beside NO, in shear stress, Erk1/2 can be activated by FAK (focal adhesion kinase) \[[@b30-medscimonitbasicres-22-95]\]. In osteosarcoma cells, both FlexCell treatment and microgravity increase expression of immediate-early genes egr-1 and NFκB. This induction may also be mediated by activation of MAP kinases Erk1/2 and p38 \[[@b18-medscimonitbasicres-22-95]\].

3D growth systems for OD
------------------------

If osteoblasts are to be raised in the lab for a cell replacement therapy, the conditions must maximally resemble their natural environment. There exist a number of systems with 3D structure, where osteoblasts can grow and generate matrix similar to the ordinary bone. They should possess 2 fundamental properties: *osteoconductivity* (amenability of the surface to the population of seeded precursors) and *osteoinductivity* (ability to induce differentiation of these cells into mature osteoblasts) \[[@b58-medscimonitbasicres-22-95]\].

Decellularized donor bone matrix
--------------------------------

Original donor bone matrix, but enzymatically treated to extinguish resident cells, is the first choice. Mouse preosteoblasts grow on it, especially after stimulation with the perfusion flow. The regimen with slow speed (and less strain) was more stimulatory for cell proliferation, while higher strain induced expression of Runx2 and osteocalcin, demonstrating that proliferation and differentiation are indeed 2 inversely proportional processes \[[@b59-medscimonitbasicres-22-95]\].

Natural organic matrices
------------------------

Matrices made of natural organic compounds like Zein (a protein found in maize) makes a scaffold, which has porosity similar to cancellous bone and osteoconductive to mesenchymal stem cells \[[@b60-medscimonitbasicres-22-95]\]. Its major drawback is low mechanical strength, which can only be improved when the osteoblasts have deposited sufficient amounts of osteoid. Another example is scaffold composed of shrimp polysaccharide chitosan and pectin. A combination of the 2 with addition of hydroxyapatite is strong, resists hydrolysis, and has sufficient osteoinductive potential for human osteoblasts \[[@b61-medscimonitbasicres-22-95]\].

Synthetic matrices
------------------

Synthetic matrices for osteoblast growth have been available for just about a decade. Seeding preosteoblasts on a 3D mesh of titanium fibers showed good inhabitance by osteoblasts. Furthermore, it was shown that viscosity of the medium imposing shear stress on the attached cells increases their differentiation and mineral deposition in the matrix. The effect was mediated by calcium, NO, and PGE \[[@b62-medscimonitbasicres-22-95]\]. The model was further enhanced by pre-culturing titanium scaffolds with mesenchymal stem cells that deposited extracellular matrix, promoting attachment and growth of the cells seeded after the first generation was removed \[[@b58-medscimonitbasicres-22-95]\]. Apart from metal meshes, positive results with human osteoblast precursors have been obtained with polyethylene terephthalate \[[@b63-medscimonitbasicres-22-95]\], polyurethane \[[@b64-medscimonitbasicres-22-95]\], and poly-e-caprolactone scaffolds \[[@b65-medscimonitbasicres-22-95]\].

Conclusions
===========

Osteoblast differentiation is still unclear, but a few basic principles have already been discovered. First, osteoblasts come from multipotent mesenchymal stem cells, with the other alternatives being cartilage, fat, and muscle tissue. Attempts at differentiation of osteoblasts from stem cells should thus both stimulate the osteoblast lineage and inhibit these other ones. Second, the reserve of preosteoblasts is finite, and the depletion of this pool will lead to osteopenia. Third, the function of osteoblasts is balanced by that of osteoclasts, and this balance is crucial for the overall turnover of bone. Fourth, mechanical stimulation is essential for osteoblast differentiation and function, and changes in the normal physical environment, such as in spaceflight, will cause major changes in bone homeostasis.

All these factors need to be considered, the complete sequence of molecular events of osteoblastogenesis needs to be defined, and new matrices with high compatibility need to be developed. Thereafter, we may be able to effectively eliminate osteoporosis, osteogenesis imperfecta, ossification of heart valves and large vessels, and a host of other conditions related to abnormal ossification, as well as providing effective help to orthopedic patients, of which there will continue to be many, even if all medical diseases are cured in years to come.

**Source of support:** Government of Russian Federation, Grant 074-U01; South-Eastern Norway Regional Health Authority, Norway

![A flowchart depicting the biogenesis of osteoblasts. Mesenchymal stem cells can give rise to 4 lineages (top left) by expressing corresponding transcriptional regulators: PPARγ for adipogenic, MyoD for myogenic, Runx2 for osteoblastic, and Sox9 for chondrocytic lineages. In intramembranous ossification (osteogenesis in the scull and clavicles), preosteoblasts stem directly from mesenchymal stem cells, while in endochondral (osteogenesis of the axial skeleton and the limbs) a common osteo-chondro progenitor gives rise to both cell types. Hypertrophic chondrocytes in a paracrine manner (gray arrow) regulate transformation of perichondral cells into preosteoblasts, or might itself transform into one. The process of maturation of preosteoblasts is shown in the enlargement on the right.](medscimonitbasicres-22-95-g001){#f1-medscimonitbasicres-22-95}

![Major regulatory pathways involved in the regulation of Runx2, a chief transcriptional regulator of osteogenesis. Four pathways are elaborated. The Wnt pathway is central in activation of Runx2 via the stabilization of β-catenin. This process in cells other than osteoblasts is inhibited by Dickopf (DKK1/2). This inhibition is removed by BMP signaling via SMADs and Interleukin-11. BMP has other, direct actions on Runx2. TGF-β and Notch signaling is anti-calcific. TGF signal is transmitted into the cell by SMADs (other subsets than BMPs), while Notch relies on the cleavage of its intracellular domain upon activation. Arrows show activation and stump-ends show inhibition.](medscimonitbasicres-22-95-g002){#f2-medscimonitbasicres-22-95}

![A short summary of factors activated in osteoblasts by 3 modalities of mechanical stress. The activated and inhibited factors are shown in red. An arrow symbolizes activation and stump-ends show inhibition.](medscimonitbasicres-22-95-g003){#f3-medscimonitbasicres-22-95}

###### 

Major factors implicated in osteoblast differentiation.

  Reference                              Factors described                           Relevant finding                                                                                                                       Model
  -------------------------------------- ------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------
  \[[@b12-medscimonitbasicres-22-95]\]   Runx2                                       Runx2 is necessary to differentiate osteoblasts from precursors                                                                        Runx2 knockout mice
  \[[@b38-medscimonitbasicres-22-95]\]   Osterix (SP7)                               In osterix knockout mice no bone formation occurs. Osterix is downstream of Runx2                                                      Osterix knockout mice
  \[[@b27-medscimonitbasicres-22-95]\]   Msx2                                        Bone, tooth, hair anomalies in Msx2 knockout mice                                                                                      Msx2 knockout mice
  \[[@b28-medscimonitbasicres-22-95]\]   Msx2                                        Msx2 promotes osteoblastogenesis and inhibits adipogenesis                                                                             Primary mouse aortic myofibroblasts; wild type and LDL receptor knockout mice
  \[[@b25-medscimonitbasicres-22-95]\]   Sox9                                        Sox9 knockout mice lack chondrogenesis                                                                                                 Conditional Sox9 knockout mice
  \[[@b29-medscimonitbasicres-22-95]\]   Ihh                                         Ihh signaling is necessary for endochondral ossification                                                                               Mice with ablation of Smo, an ihh receptor; Mesenchymal stem cells from mice
  \[[@b26-medscimonitbasicres-22-95]\]   Arid5a                                      Histone modifications affect chondrocytic differentiation                                                                              mouse chondrocytic cell line ATDC5
  \[[@b33-medscimonitbasicres-22-95]\]   Wnt/beta-catenin                            Wnt14 promotes osteoblast differentiation through β-catenin                                                                            Mice with conditional inactivation of β-catenin, Mesenchymal stem cells from these
  \[[@b34-medscimonitbasicres-22-95]\]   Notch                                       Gain-of-function of Notch causes osteosclerosis                                                                                        Transgenic mice with gain-of-function and loss-of-function of Notch
  \[[@b35-medscimonitbasicres-22-95]\]   Notch                                       Notch maintains the population of osteoprogenitors, preventing them from differentiating into osteoblasts                              Transgenic mice with gain-of-function and loss-of-function of Notch
  \[[@b37-medscimonitbasicres-22-95]\]   PTH, Dickopf (Dkk)                          PTH suppresses Dkk1 (inhibitor of wnt signaling) expression in OB and activates wnt signaling                                          Transgenic mice, MC3T3E1 cells
  \[[@b39-medscimonitbasicres-22-95]\]   Atf4                                        Atf4 makes a complex with Runx2 at the osteocalcin promoter                                                                            MC3T3-E1 cells, subclone 4
  \[[@b31-medscimonitbasicres-22-95]\]   NFATc                                       NFATc represses osteocalcin via HDAC                                                                                                   MC3T3 cells; primary osteoblasts from transgenic mice
  \[[@b43-medscimonitbasicres-22-95]\]   Twist                                       Twist regulates osteoblastogenesis via HDAC                                                                                            cross-breeding of Runx2 +/− and Twist1 +/− mice
  \[[@b40-medscimonitbasicres-22-95]\]   BMP2                                        BMP2 stimulates expression of other BMPs and stimulates osteoblast differentiation in vivo and in cell culture                         Fetal rat calvarial osteoblasts, in vivo mice
  \[[@b42-medscimonitbasicres-22-95]\]   Vitamin D                                   Vitamin D receptor collaborates with Runx2 in transcriptional activation of target genes                                               ROS 17/2.8 osteosarcoma cells
  \[[@b56-medscimonitbasicres-22-95]\]   Macrogravity                                Macrogravity transiently induces expression of c-fos and decreases Osteocalcin                                                         MC3T3-E1a cells
  \[[@b13-medscimonitbasicres-22-95]\]   Hydrostatic pressure                        Hydrostatic pressure stimulates osteoblastogenesis and "connectivity" of the bone matrix                                               In vivo mongrel dogs
  \[[@b44-medscimonitbasicres-22-95]\]   Bending of the bone                         As a result of bending stress, osteoblasts increased in size and spread out in the periosteum                                          In vivo rat tibia
  \[[@b52-medscimonitbasicres-22-95]\]   Shear stress in cell culture                Calibrated the shear stress necessary to induce osteogenic response                                                                    hFOB 1.19 (human fetal osteoblastic cells)
  \[[@b55-medscimonitbasicres-22-95]\]   Microgravity -- spaceflight induced         Microgravity inhibits preosteoblast response to hormonal stimulation and morphogens, preventing differentiation                        MC3T3-E1 cells, MG-63 (human osteosarcoma cell line)
  \[[@b24-medscimonitbasicres-22-95]\]   Macrogravity                                Macrogravity stimulates collagen production by osteoblasts via Erk kinase                                                              Human osteoblast-like cells obtained during hip replacement surgery
  \[[@b57-medscimonitbasicres-22-95]\]   Ultrasound                                  Ultrasound increases number of osteoblasts and expression of TNF-alpha, IL-6 and TGF-beta                                              Rat primary calvarial osteoblasts.
  \[[@b14-medscimonitbasicres-22-95]\]   Compression and vibration in cell culture   Osteoblasts are potentiated by sinusoid vibration combined with noise-type vibration.                                                  MC3T3-E1 cells
  \[[@b23-medscimonitbasicres-22-95]\]   Magnetically applied cell strain            Cell strain stimulates osteoblastogenesis via MAP-kinases P38 and Erk                                                                  NHO (normal human osteoblasts), commercial
  \[[@b22-medscimonitbasicres-22-95]\]   Stretch in 3D collagen type 1 culture       Mechanical strain increased proliferation of cells and expression of CBFA, osteocalcin, ostepontin, alcaline phosphatase, histone H4   hFOB 1.19 (human fetal osteoblastic cells)
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